Another question that arises concerns the time course of the effects of the MN recurrent network. Complex inhibitory and facilitatory effects have been observed in intracellular MN recordings performed on spinalised cats (Hamm et al. 1987; McCurdy & Hamm, 1994) . On the one hand, the late inhibitory effects were taken to possibly reflect the duality of the synaptic transmission between the RCs and the MNs and that between the MNs and the RCs, both involving two receptor types acting with different time courses (Curtis & Ryall, 1966; Cullheim & Kellerth, 1981; Schneider & Fyffe, 1992) . On the other hand, the late facilitatory effects were taken to reflect mutual inhibition between RCs (Ryall, 1981) . In human studies, however, the late inhibitory and facilitatory effects detected in peristimulus time histograms (PSTHs) and interstimulus interval (ISI) analyses were attributed to cutaneous and tendinous reflexes (Kudina & Pantseva, 1988; Miles et al. 1989) .
The aim of the present study was threefold: (1) to reexamine whether the effectiveness of recurrent inhibition
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Benjamin Mattei, Annie Schmied and Jean-Pierre Vedel CNRS-INPC, 31 chemin Joseph Aiguier, 13402 Marseille CEDEX 20, France In order to document the effects of recurrent inhibition on the firing times of human a-motoneurones during natural motor behaviour, a case study was performed on a deafferented patient. The fact that this subject had completely lost the large-diameter sensory afferents provided us with a unique opportunity of selectively stimulating the motor axons in the nerves. The tonic activity of single motor units (n = 21) was recorded in the extensor carpi radialis muscles while applying randomly timed antidromic electrical stimuli to the radial nerve. The peristimulus time histogram analysis showed the presence of biphasic inhibitory effects, including an early, shortlasting component followed by a longer-lasting component occurring 20-40 ms later. The interspike interval (ISI) during which the stimulation occurred was generally lengthened as compared to the previous ISIs. The stimulation was most effective when delivered early (20-30 ms) after a spike. It was also effective, although less so, when delivered at the end of the ISI (70-100 ms after a spike). The lengthening effect sometimes extended over one or two of the subsequent ISIs. The lengthening effect of the motor axon stimulation was followed by an excitatory-like effect, which took the form of a shortening that affected up to five ISIs after the stimulation. The biphasic inhibitory effects and the subsequent facilitatory effects are discussed in terms of the dual nature of the synaptic processes involved in the recurrent inhibitory network, the postactivation facilitation/depression processes and the mutual inhibition occurring between Renshaw cells. depends on its timing in relation to the previous MN spike; (2) to further document the presence of late and longlasting changes in the MN activity elicited by antidromic motor axon stimulation; and (3) to throw some light on the question as to whether peripheral pathways contribute to these late responses. For this purpose, we took advantage of the unique conditions provided by the participation of a patient suffering from permanent and complete loss of the large diameter afferent fibres (Forget & Lamarre, 1995) .
METHODS
All of the present experiments were performed on a right-handed deafferented female patient GL, aged 53 years, whose course was followed by Professor Y. Lamarre at the Centre Hospitalier de Montréal, in Quebec (Canada). After an episode of sensory neuropathy with no recovery, this patient has been suffering for the last 21 years from a permanent, specific loss of the large peripheral myelinated sensory fibres, as confirmed by a biopsy examination (Cooke et al. 1985; Forget, 1986; Forget & Lamarre, 1995) . Her clinical condition is characterised by the complete loss of light and crude touch, vibration perception, kinaesthesia and position sense in all four limbs, as well as in the trunk, neck and face below the nose. She can still feel strong pressure and is able to sense pain and temperature. The motor pathways are apparently not affected: the motor nerve conduction velocities are normal and an intramuscular EMG study on the arm muscles yielded no signs of abnormality (Forget, 1986; Forget & Lamarre, 1995) .
A total of six experiments were performed in Marseilles with the patient's prior written, informed consent, as required by the Declaration of Helsinki (1964) , and with the approval of the Ethics Committee of the local Medical University (CCPPRB-Marseilles I, approval no. 92/74).
Recording procedure
The subject was seated in an armchair with her right forearm held in a cushioned groove. The wrist, flexed at an angle of 10 deg, was placed in a U-shaped device that maintained the hand in a semiprone position. The easiest way for the subject to perform a sustained contraction of the extensor carpi radialis (ECR) muscles was by clenching her hand around a manipulandum. Under these conditions, the activity of single motor units could be readily recorded in the ECR in sequences lasting for up to 15 min, separated by 5 min pauses.
The motor unit action potentials were recorded by means of single-use metal microelectrodes (Frederick Haer, Bowdoinham, ME, USA) that had been sterilised in formaldehyde vapour. The spike trains were amplified, filtered (300-3000 Hz) and discriminated on-line using a dual window discriminator (RP-I, BAK Electronics, USA). The discriminated spikes were monitored continuously on an oscilloscope and a loudspeaker to provide the subject with visual and auditory feedback information.
The background EMG activity of the wrist extensor and flexor muscles was recorded using pairs of non-polarisable, single-use surface electrodes (16 mm 2 , Ag/AgCl) placed 2 cm apart. The subject was connected to the ground via an electrode (6 cm 2 ) placed on the upper arm, 20 cm above the elbow. The surface electrodes and the microelectrodes were connected to amplifiers via probes with an isolated ground to ensure optimum subject protection (current leakage less than 3 mA).
The surface EMG and the microelectrode recording signals (sampling rates of 5 kHz and 20 kHz, respectively), together with the train of stimuli (TTL pulses) were stored on a computer after analog-to-digital conversion (Spike2, CED, Cambridge, UK), for off-line analysis. The recorded muscle action potentials were discriminated off-line using the waveform recognition tool that is part of the Spike2 program.
Stimulation procedure
The axons of the wrist extensor MNs were stimulated (1 ms shock duration) via a constant-current unit (Stimulator S88, Grass Instruments, USA) by means of a pair of spherical surface electrodes (1.3 cm diameter, Ag/AgCl), with the cathode placed over the radial nerve on the lateral aspect of the arm about 8 cm above the elbow and the anode placed 4 cm higher. The direct motor response (M-response) evoked in the wrist extensor muscles by the radial nerve stimulation was monitored continuously and the stimulation intensity was set at 1-1.2 times the motor threshold in order to reduce the likelihood that antidromic invasion of the MN tested might occur. Each sequence consisted of 150-950 stimuli applied to the radial nerve (mean 417). The stimuli were delivered at a mean frequency of 0.8 Hz with a uniform random distribution with respect to the firing times of the motor units. When asked, the subject did not report feeling any sensations due to the stimulation.
EMG analysis
The surface EMG activity of the extensor muscles was rectified and averaged over each recording session, and thus provided an index to the net drive of the MN pool. The macro-potential of each motor unit was educed by applying the spike-triggered averaging procedure to the non-rectified surface EMG activity. To ensure that the same motor unit had been tested, the shape and area of the macro-potentials obtained at the beginning and end of each recording sequence were carefully compared.
PSTH analyses
The natural firing patterns of the motor units were first analysed by cumulating the 500 ms periods preceding each stimulus, and characterised in terms of the mean ISI duration, its standard deviation (S.D.) and its coefficient of variation (S.D./ISI mean).
In order to assess the specificity of the effects of the radial nerve stimulation on the motor unit firing probability, a virtual train of stimuli was created in each of the computer-stored recording files by shifting the actual train of stimuli by _250 ms. In addition, spikes were deleted in the spike trains following each virtual stimulus during a 5-8 ms period similar to that during which the spikes were deleted by the artefact generated by the actual stimulation.
The changes in motor unit firing probability associated with the actual and virtual stimuli were analysed by computing 1 ms bin PSTHs spanning a period of 50 ms before and 150 ms after the radial nerve stimuli (Fig. 1B, C, E and F) . The time course of the decreases in the motor unit firing probability induced by the motor axon stimulation was delimited in the PSTH computed with the actual stimuli, on the basis of the downward inflexions in the cumulative sum (cusum; Ellaway, 1978) computed bin by bin, with respect to the mean value in the 50 ms prestimulus baseline. The earliest effects of recurrent inhibition on the activity of the motor units could be expected to occur in the 15-30 ms range, depending on the motor unit conduction velocity (the height of the subject was 1.60 m). The presence of a late inhibitory component in the response was also sought for in the PSTHs, 40-60 ms after radial nerve stimulation. If no clear-cut cusum inflexion was present in the PSTH computed with the actual stimuli, the poststimulus firing probability was assessed in a 20 ms window starting 15 ms after the stimuli, and a 40 ms window starting 40 ms after the stimuli. The PSTHs computed with virtual stimuli were analysed using the same poststimulus time windows as those used in the actual stimulation PSTH.
The early and late effects of the actual and virtual stimuli on the activity of the motor units were assessed by subtracting the bin counts cumulated over the early and late poststimulus windows, respectively, from the reference bin counts (baseline mean w width of the window). The results of the subtraction were then normalised to 100 stimuli (i.e. divided by the number of stimuli multiplied by 100).
The significance of the changes in motor unit activity between the prestimulus baseline and the early and late poststimulus windows was given by the z-test performed on each PSTH (Garnett & Stephens, 1980) . This was completed by a x 2 test in which the bin contents in each of the poststimulus windows were compared between the actual and virtual stimulation PSTHs. The motor axon stimulation was taken to have significantly altered the motor unit firing probability when both the z and x 2 tests reached a significance level of P ≤ 0.05.
ISI analyses
To investigate more closely the effects of applying antidromic stimulation to the radial nerve on the firing times of the a-MNs, the changes in ISI duration were analysed. First of all, the very few trials in which the stimuli were followed by a spike with M-response latencies were not included in the analysis. This occurred with only four motor units, and less than 10 % of the stimuli generated an M-response. The remaining stimulation train was then corrected by adding the peripheral conduction time, as given by the latency of the early cusum inflection in the PSTH analyses. The ISIs around each stimulus were then indexed from _4 to 10, taking ISI 1 to be the ISI during which the stimulus occurred. The mean and standard deviation of the ISI i duration (i á [_4, 10]) corresponding to all the stimuli in each recording were calculated. In order to measure the changes in the ISI i duration due to the stimuli, we compared the values obtained with reference ISIs, denoted ISI i,ref and defined them as follows: with each stimulus, the reference ISI for every ISI except that in which the stimulus occurred, ISI i,ref (i = / 1), was the average of the three ISIs preceding the stimulation, namely ISI _2 , ISI _1 and ISI 0 .
To allow for the possible deletion of spikes by artefacts, which would result in an ISI having twice the normal length, a virtual stimulus and its virtual artefact were artificially added by computer 250 ms before each real stimulus. The virtual stimulation train was then shifted by the value of the peripheral conduction time and ISI 1,ref was thus defined for each real stimulus as the ISI in which the virtual stimulus occurred.
The reference ISIs (ISI i,ref (i = / 1) and ISI 1,ref ) were then used to compute statistical tests, using a procedure described in detail by Zar (1996) in order to compare virtual and real stimulus trials under similar conditions ( Fig. 2A-C) . The first step consisted of testing the normality with Fisher's test (P < 0.05), using symmetry and kurtosis measures. When the samples were Gaussian, the F-test for the comparison of variances (P < 0.01) was then computed, followed by Student's t test (P < 0.01) if the variances did not differ significantly, or by Welch's approximate t‚ test (P < 0.01) improved by Welch & Fenstad if they differed significantly. When the samples were not Gaussian, the improved normal approximation of the Mann-Whitney test (P < 0.01) was computed, after checking the similarity between their distributions by performing a x 2 test (P < 0.05).
In order to provide an overall picture of the results, the means and standard errors (S.E.M.) of the differences between the mean ISI i and the mean ISI i,ref among all the recordings were drawn up, as shown in Fig. 2D .
Response function analyses
The effect of an antidromic stimulation on the firing activity of an a-MN is likely to depend on its physiological state at the time of the stimulation. Experimental response function analyses adapted from Perkel et al. (1964) and Reyes & Fetz (1993) were therefore performed as shown in Fig. 3 In order to provide an overall picture of the results, a curve giving the average difference between the response function values obtained under the two conditions (actual and virtual stimulation) was drawn up as in the previous section, as shown in Fig. 3D .
All these analyses were performed with Matlab software (The MathWorks, MA, USA).
RESULTS
The effects of applying radial nerve stimulation at an intensity of 1-1.2 times the motor threshold were investigated on the discharge patterns of 21 ECR motor units activated at a fairly low level of EMG activity (between 5 and 10 % of the maximum voluntary activation level). Before the stimulation was applied, the motor units discharged with a mean ISI duration of 78.3 ± 8.7 ms and a mean coefficient of variation of 0.28 ± 0.05. In order to facilitate comparisons between the effects observed in the PSTH and ISI analyses, the same motor units (3MU11 and 4MU1) are illustrated in Figs 1, 2 and 3.
PSTH analysis
The PSTH analysis showed the occurrence of monophasic or biphasic decreases in the firing rate of 16 out of the 21 motor units tested. Two examples are shown in Fig. 1 . Figure 1A and B shows the PSTH and the cusum computed with the spike trains of one motor unit that produced an early monophasic inhibitory response to the actual stimulation (n = 737). The response plotted with an expanded time scale in A is delimited in A and B by the black bar below the cusum downward inflexion. Figure 1C shows the PSTH and the cusum computed with the virtual radial nerve stimuli. The cusums plotted above the PSTHs are interrupted in the part of the PSTHs where the spikes are missing due to the actual and virtual stimulation Recurrent inhibition of human motor units artefacts. The actual stimulation (Fig. 1A and B) was followed with a delay of 17 ms by a decrease in the PSTH bin count lasting 7 ms. The decrease in the firing probability below the mean level of the prestimulus baseline reached a value of _3.3 spikes per 100 stimuli (z = _3.23, P < 0.001). In the PSTH computed with the virtual stimuli (Fig. 1C) , the change in the bin content was assessed within the same poststimulus window (black bar). The result of the x 2 test performed between the bin counts in the poststimulus windows of the PSTHs computed with the actual and virtual stimuli was significant (6.75, P < 0.01). Figure 1D , E and F shows in the same way the PSTH and the cusum computed with the spike trains of a second motor unit that produced a biphasic inhibitory response to the actual stimulation (n = 384). In this case, an early inhibitory response quite similar to that illustrated in Fig. 1A and B (latency 23 ms, duration 6 ms) was followed by a much more conspicuous decrease in the PSTH bin count occurring 20 ms later and lasting 36 ms (Fig. 1D  and E) . The two components of the response (expanded time base in D) are delimited by the black bars below the cusum downward inflexions. The early and late decreases in the firing probability reached a value of _2.5 and _12.4 spikes per 100 stimuli, respectively (z = _2.33, P < 0.05, and z = _3.35, P < 0.001). The results of the x 2 test performed between the bin counts in the two poststimulus windows of the PSTHs computed with the actual and virtual stimuli were significant (3.93, P < 0.05, and 13.19, P < 0.001, respectively).
All in all, 14 out of the 21 motor units tested showed a significant early decrease in their firing probability. These inhibitory responses occurred with a mean latency of 19.9 ± 4.7 ms (ranging from 16 to 31 ms), a mean duration of 7.1 ± 2.3 ms (ranging from 3 to 12 ms) and a mean amplitude of _3.2 ± 1.2 spikes deleted per 100 B. Mattei, A. Schmied and J.-P. Vedel ) by on October 7, 2008 jp.physoc.org Downloaded from J Physiol ( stimuli. A total number of 12 units produced significant late inhibitory responses. In 10 cases, the late response was preceded by a significant early decrease in the PSTH bin count. The late inhibitory responses occurred with a mean latency of 52 ± 4 ms (ranging from 29 to 80 ms), a mean duration of 24 ± 3 ms (ranging from 9 to 45 ms) and a mean amplitude of _8 ± 1 spikes deleted per 100 stimuli. No consistent correlations were detected between the amplitude of the early or late inhibitory responses and either the firing frequency and variability of the motor units tested or the background EMG activity in the extensor muscles.
Changes in the ISI duration
The ISI analyses showed that the effects of the antidromic motor axon stimulation were of three different kinds, as illustrated in Fig. 2 . The first effect, which was expected to be the most important one, was a lengthening of the ISI during which the stimulation was delivered, ISI 1 . This was observed in 18 out of the 21 recordings performed, reaching significance level in seven cases, as shown in Fig. 2A and B. The extent of the ISI 1 lengthening was approximately 12 ms (13 % of the mean ISI). The second effect observed was a prolonged lengthening which affected ISI 2 and/or ISI 3 . This was observed in 11 out of the 21 recordings and reached significance level in eight cases, as shown in Fig. 2B . The extent of the ISI 2 and/or ISI 3 lengthening, when present, was less than 5 ms. The third effect observed, which was quite unexpected and yet the most consistent, was a shortening of ISI i with i á [3, 8] , as shown in Fig. 2A and C. This effect was observed in all but four of the 21 recordings, and reached the P = 0.05 significance level in 12 cases, with a maximum amplitude of 10 ms. There was no clear-cut correlation between the ISI lengthening and shortening effects. In Fig. 2C , for instance, a marked shortening was observed in up to five ISIs after the stimulation, although ISI 1 was not significantly lengthened. Nevertheless, in five out of the six recordings in which the strongest ISI shortening effects occurred, a marked ISI 1 lengthening was also present (Fig. 2A) . The average effect computed upon pooling the data obtained with the 21 motor units tested is shown in Fig. 2D . To summarise, besides the lengthening of the ISI 1 , which sometimes extended into ISI 2 and/or ISI 3 , the most commonly observed effect of the antidromic stimulation was the long-lasting shortening of ISI i taking i á [3, 8] .
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Effectiveness of the stimulation depending on its postspike timing
A response function analysis was performed in order to test whether the action of the stimulus depended on its timing relative to the previous spike of the MN, and more specifically, whether the stimulus was more or less effective if it occurred early in the ISI (i.e. during the AHP and the autogenetic recurrent inhibition), or at the end of the ISI, when the membrane potential was about to reach the firing threshold.
As shown in Fig. 3 , two different patterns were observed in this respect. The first pattern involved 11 out of the 21 motor units tested and reached significance for nine of them. In this case, the stimulus had a lengthening effect on the ISI when it occurred, with a postspike delay of 20-30 ms. The ISI 1 lengthening could reach approximately 60 % of the mean ISI. Two examples are given in Fig. 3A and B. In the second pattern, (reaching significance in six of the recordings), the stimulus had a lengthening effect on ISI 1 when it occurred with a postspike delay of 70-100 ms (i.e. when the a-MN membrane potential could be expected to be near the firing threshold; Fig. 3B and C) . The lengthening effect observed in this case was less conspicuous (< 40 % of the mean ISI).
An overall picture of the results was obtained upon pooling all of the data (Fig. 3D) . The ) by on October 7, 2008 jp.physoc.org Downloaded from J Physiol ( was quite systematic, amounting to 15 ms on average (15 % of the mean ISI).
DISCUSSION
The effects of recurrent inhibition on the tonic activity of a-MNs investigated here turned out to be quite complex. The PSTH analysis showed the common occurrence of biphasic inhibitory responses with an early short-lasting component occurring at a latency compatible with a disynaptic delay, followed 10-60 ms later by a longerlasting and often stronger decrease in the firing probability. The response function analysis showed that the motor axon antidromic stimulation was effective mostly 20-30 ms after a spike (i.e. during the scoop of the AHP and the autogenetic recurrent inhibition). The stimulation was also effective 70-100 ms after a spike, but less so. The ISI during which the stimulation occurred, and sometimes the next two ISIs, were lengthened. Besides the inhibitory effects, a consistent shortening of up to five of the subsequent ISIs was also observed.
Specificity of the experimental conditions
These experiments were conducted on a patient who has been deafferented for 21 years. Although the possibility that the deafferentation might have altered the electrophysiological properties of the a-MNs and/or those of the premotoneuronal networks cannot be completely ruled out, no signs of dysfunction of the motor apparatus were ever detected in the clinical tests performed on this patient (Forget, 1986; Forget & Lamarre, 1995) . Moreover, in a study on the effects of chronic partial deafferentation on the electrical properties of cat lumbar a-MNs, Gustafsson et al. (1982) found no clear-cut evidence that the deafferentation had any effects on either the amplitude and duration of the AHP or the delayed depolarisation process. In addition, the strength of the RC-driven inhibition measured in the present study (resulting in only a few spikes less per second) is in line with the values published in previous studies on cats and healthy human subjects (Kudina & Pantseva, 1988; Miles et al. 1989; Lindsay & Binder, 1991; Katz et al. 1993) . This can be taken to indicate that the recurrent inhibitory network had undergone no major rearrangement in the patient studied.
The procedure used here consisted of stimulating the radial nerve electrically. On the basis of the biopsy data obtained from this deafferented subject (Cooke et al. 1985) , the radial nerve can be taken to be composed of motor axons and small-diameter sensory fibres (< 9 mm; including group II, III and IV fibres). The stimulation intensity was set low enough to stimulate the a motor axons selectively. The larger a-MN axons, which are more excitable, were stimulated preferentially. These a-MNs also have a larger number of axon collaterals than the smaller ones (Cullheim & Kellerth, 1978) , which means that they innervate the RCs more densely. The motor units that were recorded from preferentially were generally lowthreshold motor units, which correspond to small a-MNs receiving denser projections from RCs. These experimental conditions were therefore highly favourable for investigating the effects of RCs on a-MN discharge behaviour, while completely excluding the possibility of any interference with large-diameter sensory afferents originating from the muscle spindles, the tendon organs and the skin. Therefore, none of the late inhibitory or excitatory responses observed in the present study could possibly have had a peripheral origin, as suggested in previous studies (Kudina & Pantseva, 1988; Miles et al. 1989) .
Another noteworthy feature of the present study is the comparison made between the effects of actual radial nerve stimulation and those of a virtual stimulation combined with a virtual artefact, during which any action potential occurring concurrently was deleted. It was therefore possible to take into account the nonphysiological ISI lengthening induced by the stimulation when it was delivered at the end of the ISI concurrently with the next spike, which could be masked by the artefact. In fact, as the result of the masking effects of the actual or virtual artefact on the forthcoming firing activity, the ISI measured was not only twice as long as it should have been, but also more variable, since it included the two standard deviations of the real ISIs. The effects of recurrent inhibition were therefore probably underestimated here, especially when the stimulation occurred at the end of the ISI.
Biphasic inhibitory effects in the PSTHs
The PSTHs of more than half of the motor units tested showed the presence of biphasic inhibitory responses including a short-lasting component occurring early enough to be mediated by the disynaptic recurrent inhibitory pathway, followed within a variable period of time by a longer-lasting and often stronger decrease in the firing probability. These findings are very similar to those obtained by Miles et al. (1989) on the soleus muscle in response to tibialis nerve stimulation in healthy subjects. However, our experimental conditions ruled out the possible contribution of a peripheral loop, as was suggested by these authors. Another possibility might be that of a supraspinal inhibitory loop mediated by the RC input to the ventral spinocerebellar tract cells (Lindström & Schomburg, 1973) . Although this hypothesis cannot be definitely ruled out, it is worth noting that biphasic IPSPs including an early and a late component have been observed in a-MNs following single motor axon stimulation in cats, under conditions where the contribution of supraspinal pathways could be ruled out (Hamm et al. 1987) . These authors suggested that the dual components of the IPSPs reflect either the repetitive firing Recurrent inhibition of human motor units of RCs or some of the complex synaptic processes that mediate recurrent inhibition. On the one hand, Curtis & Ryall (1966) reported that cholinergic synapses on the recurrent collaterals can generate EPSPs in RCs via nicotinic and muscarinic receptors. The initial nicotinic excitation had a rapid onset and a brief duration, whereas the late muscarinic excitation had a slow onset, a long duration (up to a few hundred milliseconds) and was much weaker, the two types of response being separated by a pause. This process might account for the results obtained here: the early inhibition might reflect a nicotinic response and the late inhibition, a muscarinic response. On the other hand, Cullheim & Kellerth (1981) have suggested that recurrent inhibition could be divided into at least two different categories, a sharp, fast, glycinergic process and a wide and slow GABAergic process. Since the maximum GABAergic inhibition is reached about 20 ms after the maximum glycinergic inhibition, this may also account for the early and late inhibitory effects we observed here.
Early and late effects depending on the stimulation postspike delay
The size of the recurrent IPSPs has been reported to increase with the membrane depolarisation (McCrea et al. 1980; Lindsay & Binder, 1991) . This means that recurrent inhibition can be expected to have greater effects when it occurs at the end of an ISI, as observed in previous studies (Kudina & Pantseva, 1988; Miles et al. 1989) . Note, however, that in Fig. 2 of the study by Miles et al. (1989) , a short but noticeable lengthening of the ISI occurred when the stimulation was applied at the beginning of the ISI, taking the peripheral delay into account. In the present study, the maximum effectiveness of the antidromic stimulation in delaying the next spike was reached 20-30 ms after the previous spike, although a weaker effect was also observed at the end of the ISI.
One possible explanation for this finding is that there may have been a summation between the stimulation-triggered recurrent inhibition (antidromic) and that generated by the a-MN action potential and by the synchronous firing of other a-MNs (orthodromic). In fact, Granit et al. (1957) established in a study on decerebrate cats that recurrent inhibition 'in phase' with the natural tonic discharge was especially potent and highly cumulative. Another more obvious reason why the recurrent inhibition induced by antidromic stimulation could be effective both 20-30 ms (early inhibition) and 70-100 ms (late inhibition) after the previous spike relates directly to the time course of the biphasic inhibitory responses observed in the PSTH. Since the motor units generally discharged with a mean ISI duration of about 80 ms, the late inhibitory component, which occurred about 60 ms after the stimulation in the PSTH, could be expected to delay the next firing when the stimulation was delivered during the first 20-30 ms of the ISIs. Accordingly, 10 out of the 12 motor units that showed the most conspicuous early effect in the ISI 1 produced large late inhibitory responses in the PSTH. By contrast, the early and rather short-lasting inhibitory component that occurred about 20 ms after the stimulation in the PSTH could be expected to delay the next spike only when the stimulation was delivered during the last 70-80 ms of the ISIs.
Prolonged inhibitory and excitatory effects
Our data provide the first experimental evidence in humans that recurrent inhibition may have both inhibitory-and excitatory-like effects on the firing times of a-MNs, which can last for several hundreds of milliseconds during voluntary muscle contraction. Note that since the patient did not report any sensation, these long-latency responses were not the result of reaction-time or startle responses, which could otherwise have been a possible explanation.
In 11 out of the 21 motor unit recordings, a prolonged lengthening of the subsequent ISIs (ISI 2 and/or ISI 3 ) was observed. This might be in-keeping with the long-lasting (up to several hundred milliseconds) muscarinic activation of RCs by the motor axon collaterals (Curtis & Ryall, 1966) . Another possibility might be that of a presynaptic facilitation of the recurrent inhibition occurring either at the cholinergic recurrent collateral synapse and/or at the inhibitory synapse between the RC and the a-MN, as suggested by Laouris et al. (1988) . After the inhibition induced by the antidromic stimulation, the autogenetic recurrent inhibition may become more effective throughout the next interval(s).
The most intriguing part of our results was the long-lasting ISI shortening elicited by the antidromic motor axon stimulation in 17 out of the 21 motor units tested. These facilitatory effects became visible quite late after the stimulation (after about 200 ms, starting with ISI 3 ). Several possible explanations can be proposed for these excitatory-like effects.
In a previous study on healthy human subjects, an increase in the firing probability of soleus motor units was found to follow the inhibitory response induced by the tibialis nerve stimulation applied below the H-reflex intensity threshold level (Kudina & Pantseva, 1988) . This excitatory-like response was attributed to the stimulation of cutaneous afferents. This possibility was ruled out under our experimental conditions. In a study on decerebrate cats, Granit et al. (1957) described the occurrence of a postinhibitory rebound leading to a double discharge (with a very short ISI) subsequent to the lengthened ISI during which the stimulation had occurred. This was observed especially when the stimulation occurred shortly after the previous spike. The latency of the rebound described by Granit et al. (1957) was much shorter (less than 100 ms versus at least 200 ms in our case), and it did not last as long as the excitation we observed here (about 200 ms versus up to 600 ms in our case). Direct excitatory effects, possibly mediated by synaptic-like contacts between recurrent collaterals and MNs, have been described (Nelson, 1966; Cullheim et al. 1977; Gogan et al. 1977) . This hypothesis does not fit the long latency of the shortening effect on the ISIs observed in the present study.
All in all, although the possible involvement of a supraspinal excitatory long loop mediated by the rather limited (less than 10 %) projections of RCs to the ventral spinocerebellar cells (Lindström & Schomburg, 1973) cannot be ruled out, there exists no strong support for the idea that true excitatory effects may be involved.
The presence of disinhibitory mechanisms therefore seems to be the most likely explanation for the late ISI shortening effects. A first disinhibitory process might involve RCs projecting to the interneurones mediating reciprocal inhibition between antagonist muscles (Hultborn et al. 1971) . This well-known recurrent facilitation mechanism operates with a short disynaptic delay, which again does not fit the late excitatory-like effects observed in the present study. Moreover, it has been observed recently that in humans, the interneurones that mediate reciprocal inhibition between wrist extensor and flexor muscles are apparently not subjected to the inhibitory action of RCs (Aymard et al. 1995) . Another disinhibitory mechanism may be that of a postactivation synaptic depression. When a pool of a-MNs is discharging tonically, a sustained activity can be expected to occur in the recurrent inhibitory network. Superimposed antidromic stimulation applied to the motor axons may induce a depression in the RC synapse activity, as suggested by previous work (Hultborn & PierrotDeseilligny, 1979; Cleveland et al. 1981; Laouris et al. 1988) . A process of this kind is likely to occur if RC activation has been strong enough, possibly leading to temporary transmitter depletion or saturation of the synapse. Most of the strongest ISI shortening effects were actually observed after a marked lengthening of ISI 1 , meaning that a strong activation of the RCs occurred. Occasionally, however, excitatory-like effects were also observed that were not preceded by strong inhibitory effects. Examples of recurrent facilitatory effects occurring with latencies ranging from a few milliseconds to several tens of milliseconds either with or without inhibition have been described in cats and attributed to a disinhibition resulting from mutual inhibition between the RCs (McCurdy & Hamm, 1994) . This differs from what was observed in the present study, in which a significant shortening was detected about 200 ms after the motor axon stimulation in up to two to three ISIs and therefore lasted up to 500 ms. In keeping with these long-lasting excitatory-like effects, mutual inhibition between RCs has been reported to last 200-500 ms (Ryall, 1970; McCrea et al. 1980 ).
Conclusion
These results shed some light on the complex action of the spinal recurrent network on the firing behaviour of human a-MNs, under conditions where no contribution of largediameter sensory afferent pathways was possible. Although the possible contribution of supraspinal loops cannot be ruled out, the biphasic inhibitory changes in the MN firing pattern detected in the PSTH and the ISI analysis are in-keeping with the duality of the synaptic transmission processes between a-MNs and RCs and between RCs and a-MNs. The presence of a late component in the inhibitory responses might explain why the motor axon antidromic stimulation was found to affect the next spike when delivered as early as 20 ms after an action potential. The presence of late facilitatory effects is consistent with the idea that mixed inhibitory and excitatory effects are present in the recurrent inhibitory network, as suggested previously by McCurdy & Hamm (1994) . Under the present conditions, as the subject was required to keep the motor units discharging steadily, the excitatory effects could be taken to compensate for the inhibitory ones, thus re-establishing the balance in the MN drive.
